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Lisa P. Colletti, Sajan Thomas, Elvin M. Wilmer, and John L. Stickney*
Department of Chemistry, University of Georgia, Athens, Ga. 30602

Abstract

Thin-layer electrochemical studies of the underpotential deposition (UPD) of Zn, Te, Se, and S on
polycrystalline Au substrates have been performed. These studies were initiated to investigate the electrodeposition
of ZnTe, ZnSe, and ZnS by electrochemical ALE (ECALE). Zn UPD on Au begins at -0.5 V and results in a
coverage of 0.47 monolayer (ML). Te and Se atomic layers were formed using a two step process where bulk
chalcogenide was removed by reduction, leaving the atomic layer. The reduction of the last atomic layer of Te or
Se was not observed, regardless of how negative the potential was scanned. Sulfur atomic layers were
spontaneously deposited below -0.6 V from a sulfide solution. Thermodynamic effects are clearly evident during
the first monolayer of deposition. Zinc deposition onto Te, Se, and S coated electrodes occurs at progressively
more positive potentials as the stability of the zinc compounds increase.

This initial information was used to develop ECALE cycles for the compounds, and thin-films were
formed by repeated application of the cycles. The dependence of the deposit coverage on the deposition potentials
was examined and found to display the characteristic “S” curve of a surface limited process. In addition, the
dependence of the coverage on the number of ECALE cycles performed was found to be near the ideal 0.5 ML per
cycle for ZnSe and ZnS. The ZnTe coverage per cycle was less than expected indicating that further optimization
of deposition conditions is needed.

Introduction

Compound semiconductor thin-film formation via electrodeposition may some day prove to be a simple,
cost effective method relative to chemical vapor deposition (CVD) or molecular beam epitaxy (MBE). Possible
advantages of an electrochemical deposition technique include deposition at or near equilibrium, a low deposition
temperature, and the ability to deposit uniform films on large and irregularly shaped objects. In addition,
environmental concerns over toxic organometallic chemicals are eliminated or reduced with the use of dilute
aqueous solutions of ionic reactants [1]. A significant number of electrodeposition studies of II-VI compound
semiconductors have been performed previously, primarily involving formation of the Cd based compounds, given
their applicability to solar energy conversion. However, interest in zinc based II-VI compounds is increasing due
to their use in phosphors, thin-film electroluminescent displays {2], and emerging optoelectronic technologies
[3,4]. ZnSe, in particular, is being extensively studied due to applications such as solid state blue lasers and blue
light emitting diodes [4].

Electrodeposition of the zinc based II-VI compounds has predominantly involved aqueous codeposition
techniques to form zinc telluride [5], zinc selenide [6-14], and zinc sulfide [15-17] thin-films. X-ray diffraction
(XRD) analysis [12,14-16] has shown the electrodeposited zinc chalcogenide films to be polycrystalline, while
scanning electron microscopy (SEM) has shown discontinuous [16] or grainy films [5,12,15,17]. So far, only one
study of ZnTe codeposition appears to have been reported [S]. Those were able to find conditions from which
stoichiometric films could be formed; however, annealing was required to improve the optical properties of the
film. Of the many ZnSe studies, two {12,14] have involved characterization of their films using techniques other
than photoelectrochemistry. Natarajan et al. [12] concluded that an excess of Se in the films was unavoidable due
to the complicated chemistry of Se. Vacuum annealing was required to produce stoichiometric ZnSe films. In
contrast, Ohno et al. [14] found deposition conditions which formed stoichiometric ZnSe without annealing. For
ZnS films, only Sanders and Kitai [16] determined the elemental stoichiometry. Auger spectroscopy analysis
showed stoichiometric Zn:S ratios.

Work in our group presently involves development of an alternative electrochemical deposition technique,
electrochemical ALE (ECALE) [18,19], the electrochemical analog of atomic layer epitaxy (ALE) [20-22]. In
traditional vacuum-based ALE, control over deposit structure and stoichiometry is achieved using a cycle of surface
limited reactions, to deposit atomic layers of the individual elements. In ECALE, underpotential deposition (UPD)
(23], another name for a surface limited reaction, is used to deposit atomic layers of each element, again in a’
cycle.. To form thin films, the cycle is repeated until the desired thickness is reached.

It appears that significantly more control is achieved over the deposition process using electrochemical
ALE then with other electrodeposition methods. Ideally, stoichiometric and crystalline deposits will be formed
without the need for post deposition heat treatments using EACLE. The present paper describes a series of studies
performed to delineate conditions for the growth of Zn based II-VI compounds. The conditions determined here




then serve as a first approximation of those needed for the automated electrodeposition of zinc chalcogenide thin

films [24,25).

Experimental
. Studies were performed in a static thin layer

electrochemical cell (TLEC), described in detail
elsewhere [18,26]. The TLEC consisted of an polished,
annealed, polycrystalline Au cylinder in a fitted glass
cavity with a solution gap of about 0.03 mm. Two holes
were provided at the bottom (tip) of the TLEC to allow
solution into and out of the cavity and for ionic
conductivity. Solution aliquots were drawn in by
capillary action and expelled by pressurizing the cell

_interior with N gas. The process of blowing out one

aliquot of solution out and allowing another to wick in,
is referred to as a rinse.

Other hardware consisted of a series of Pyrex
glass “H-cells” that consist of two compartments
divided by a fine glass frit [18]. N, gas was used to
sparge all solutions prior to each experiment. Separate

H-cells were used for each solution and the TLEC was - -

carefully transferred between them for access to a given
solution. The potentiostat was built in-house with a
conventional op-amp based design. The reference
electrode was Ag/AgCl, made with 1.0 M NaCl, and the
auxiliary electrode was a Au wire. All solutions were
made with 18 M-ohm water from a Nanopure water
filtration system, fed from the house deionized water
system. All experiments were performed at room
temperature.

To assure surface cleanliness, each
electrochemical experiment was preceded by at least
three electrochemical cleaning cycles; each cycle
consisted of ten rinses with fresh IM H,SO,at 1.4 V,
followed by 10 rinses at -0.5 V. A cyclic
voltammogram, taken after three cleaning cycles, was
used as a check of surface cleanliness (Figure 1A).

Experimental coverages are reported as the
ratio of deposited atoms per substrate surface atom. A
1.2 cm’ geometric surface area was determined and a
roughness factor of 1.2 was assumed. A coverage of
1.17 x 10'* Au atoms/cm* was used, corresponding to a
Au(100) surface. The coverage of a Au(100) surface is
intermediate between those of the other two low-index

-3 0.7 -0.1 0.5 11

Potential (V vs. Ag/AgCl)
Figure 1: Cyclic voltammetry of a polycrystalline Au
electrode in a thin-layer cell: (A) clean Au electrode
in 1 M H,SO;; (B) clean Au electrode in 0.5 M
NaClO, + 0.05 M HOCOCH,COOK (KHP), pH 5.7,
(C) clean Au electrode in 10 mM ZnSO, + S M
NaClO, + 0.05 MKHP, pH =5.7, (D) Zn alloyed
Au electrode in 1 M H,S0, after three cleaning
cycles with an oxidation potential of 1.3 V. All
scans were taken at 5 mVs™.

planes: 1.35 x 10'* atoms/cm® for Au(111) and 8.2 x 10'* atoms/cm? for Au(110). The assumption here is that a
polycrystalline electrode can be represented as some average of all three low index planes.

Results and Discussion

Zn Deposition

Zn electrodeposition on Ag [27], Au [28-31], and Pt [29,31-35] has been extensively investigated on both
polycrystalline and single crystalline substrates. It is a complex system, consisting of an initial UPD process, alloy
formation, and bulk deposition. To complicate matters, there are indications, via X-ray absorption spectroscopy
(XAS), that alloying occurs between Au and Zn even within the UPD region [30].

A cyclic voltammogram of the clean gold electrode in the zinc blank solution, pH 5.7, is shown in Figure
IB. Gold oxidation begins above 0.8 V, with the corresponding gold reduction at 0.75 V. Hydrogen evolution
slowly begins below -0.4 V. In Figure 1C, one aliquot of a ZnSO, solution was rinsed into the TLE under open




circuit conditions and subsequently scanned negatively from the rest potential, - 0.11 V. A small reductive Zn
UPD peak is evident at -0.5 V resulting in a coverage of 0.47 monolayer (ML). Below -0.9 V, the reductive current
begins to increase slowly, and on the subsequent positive going scan displays a small spike near -1.1 V. This
small spike corresponds to bulk Zn stripping, indicating the formal potential for the Zn**/Zn couple in this solution
is near -1.1 V. In addition to the currents for UPD and bulk deposition there appears to be other charge passed.
For example, the net current at potentials bellow -0.9 V is cathodic, even on the positive going sweep. This could
be attributed to hydrogen evolution, such as is evident in Figure 1B. However, there appears to be more current
then expected on the negative going scan between -0.7 V and -1.1 V, possibly the result of a decreased hydrogen
overpotential on the Zn modified surface. Alternatively, this current may be associated with the deposition of Zn,
as there is a corresponding stripping feature between -1.0 V and -0.5 V, and hydrogen cannot be oxidized at these
potentials. It is more likely that this extra charge is the formation of a Zn-Au alloy, as previously suggested by
other workers [28-30]. Further evidence of alloying was observed during the subsequent cleaning procedure.
When potentials less than 1.4 V were used as the positive limit in cleaning cycles, residual amounts of a Zn-Au
alloy appeared to be present; indicated by a new feature at 0.95 V (Figure 1D) compared to the clean surface
voltammetry (Figure 1A). A report by Tadjeddine and Torillon [30] supports this conclusion, as they found
interactions between the zinc and gold in the alloy were so strong that high anodic potentials were required to
oxidize the alloyed zinc. Finally, the UPD stripping feature is evident at -0.3 V, and is slightly larger (0.5 ML)
then the corresponding deposition peak, which is understandable considering that it is probably superimposed on
some of the Zn-Au alloy stripping current. Similar behavior appears to take place in the Cd-Au system [36,37].

Chalcogenide deposition I | I I ]

Figure 2 shows a series of thin-layer
voltammograms for deposition of the chalcogenides
on polycrystalline Au. Ideally, the chalcogenide A A
atomic layers in an ECALE cycle would be formed
directly by oxidative UPD, using a solution </— W

containing the element in a -2 oxidation state: Te”,

Se”, or S*. Unfortunately aqueous solutions of both 8 J\/\j
Te” and Se” tend to be unstable; therefore, HTeO," i ——
and HSeOj; solutions have been used as

chalcogenide sources. Prior to each deposition, a /-{79 I

clean voltammogram was obtained, similar to that
shown in Figure 1A.

The clean TLEC was then immersed into
the chosen chalcogenide solution and an aliquot
rinsed in. Figure 2A is for an aliquot of HTeO,"
solution. Two reversible couples at 0.20 Vand -
0.10 V correspond to Te UPD and bulk Te I

10 wA

deposition, respectively. The bulk deposition feature
1s smaller than the UPD, since the amount of
HTeO," present in the aliquot was limited. The
small bulk peak represents deposition of all the Te
not already deposited during the UPD process. The
peaks are fairly broad for several reasons. One is ' J l ] J
that the cleaning procedure consists of a sequence of
oxidation and reduction cycles that can result in
surface roughening of an already polycrystalline Au Potenual (V vs Ag/AgCl)
electrode [38-41]. In addition, the peaks are
broadened by changes in the HTeO," activity while
the deposition is proceeding. There are also
problems with IR drop due to the thin layer
configuration. At potentials just below -1.0 V,
another reversible couple is visible, corresponding to
the reduction of bulk Te to Te”.

a0 Y0 00 0s 10

Figure 2: Cyclic voltammetry of the chalcogenides in a
thin-layer cell: (A) clean Au electrode in 0.25 mM
TeO, + 0.5 M Na,SO, + 0.01M Na,B,0,, pH 9.2; (B)
clean Au electrode in 1.0 mM SeQO, + 0.5 M NaClO, +
0.01M Na;B,0;, pH 8.6; (C) clean Au electrode in 2.5
mM Na,S + 0.5 M NaClO,, pH 11.7. All scans were
taken at 5 mVs™.

Tewui + 26 ==== Tewen) + Te*. (1




As these experiments were performed with a traped solution volume, in a TLEC, any Te? formed stayed in the cell
and could be quantitatively reoxidize to Te during the anodic scan. )

Figure 2B is a voltammogram for the corresponding deposition of Se from a solution of HSeO;". The
voltammograms in Figures 2A and B are very similar, with the main difference being the potentials needed to
reduce bulk Se to Se* versus bulk Te to Te?. Selenium reduction occurs several hundred milivolts positive of the
corresponding Te reduction feature. No features were observed for the reduction of UPD Se or Te, regardless of
how negative the potential was scanned.

An atomic layer of Te or Se can be formed if the TLE is rinsed with pure supporting electrolyte after the
UPD peak, at 0.05 V or at 0.14 V respectively. Alternatively, the whole aliquot can first be deposited, followed by
the reaction in eq. 1 where excess Te or Se is reduced from the surface and rinsed away. While depositing a Te or
Se UPD layer by the first method is relatively straight forward, it cannot be used in the formation of a second layer
of a Zn chalcogenide. Zinc is clearly not stable on the surface at such potentials. Thus, the second, two step
method, based on eq. 1, must be used for all but the first atomic layer of Te or Se.

Sulfide solutions are relatively stable compared with telluride and selenide solutions; thus, UPD of a S
atomic layer is a more direct process. Figure 2C is the voltammetry of an aliquot of a sodium sulfide solution. It
starts with a negative scan from -0.6 V to -1.2 V, displaying reductive stripping of a spontaneously formed S UPD
layer [37,42-44]. Reversal of the scan at -1.2 V shows the UPD peak at -0.85 V. Continuation of the scan to 0.30
V reveals a very large peak, corresponding to oxidation of the remaining S* tobulk S. At0.3 V, the current
begins to increase again, as the deposited S starts to convert to sulfate [37]. A second reversal at this point,
resulted in no current flow until -0.6 V, after which, reduction of sulfur to polysulfide occurred [37]. Below -1.2'V,
solvent decomposition was the dominant process.

l I

Zn Chalcogenide Formation

I l I |
Figure 3 is a series of diagrams showing the N
deposition of Zn on atomic layers of Te, Se, and S.
Comparing the voltammetry, there is a definite trend
going up the periodic table. Zn is hardest to deposit I, 0 A
on the Te atomic layer, not starting till -0.7 V. A well
defined Zn UPD peak is visible for the Se atomic B A &

layer, beginning at -0.5 V. Finally, deposition of Zn
on the S atomic layer begins near -0.3 V. The
differences in the UPD potentials are consistent with
differences in the free energies of formation of the
compounds: -115.2, -173.6, -200.0 kJ/mol for ZnTe,
ZnSe, and ZnS respectively [45].

The rest of this article describes TLEC c /\/\
studies of Zn chalcogenide electrodeposits. Each ]
experiment involved formation of a deposit under a
specific set of cycle conditions for a specified number
of cycles. Coulometric stripping was then used to
characterize elemental coverages per cycle as a
function of the deposition potentials. These
experiments proved very tedious but worthwhile. If
10 cycles were to be deposited under a specific set of
conditions, then extreme care had to be taken as there | | | | | |
were a minimum of 12 steps per cycle (Figure 4). e 09 04 0.1 06 1
Note that for the ECALE cycle diagrammed in Figure
4, each solution was in a separate H-cell. The TLEC,
reference, and auxiliary electrodes were moved from
H-cell to H-cell at each step. To prevent cross
contamination of the separate solutions and the Au
electrode, the TLEC exterior was rinsed with H,O
while pressurized with N, (shown in Figure 4 as an H,O solution block). Each cycle started with three rinses in
the S blank at -1.0 V. This was done to condition the TLE, as the glass walls act as a reservoir for H" ions from
the more acidic Zn solutions. Then two aliquots of S were rinsed in at -1.0V. Before blowing out the second
aliquot, the electrode was held at this potential for 30 seconds to deposit the S UPD layer. This was followed by

Potential (V v3. Ag/AgCl)
Figure 3: Cyclic voltammetry of an aliquot of 10 mM
ZnSO4: (A) with a Te coated electrode; (B) with a Se
coated electrode; (C) with a S coated electrode.




Figure 4: Diagram of

the sequence of steps

used in an one

complete ZnS ECALE

cycle. See text for ) Sblank {1 T ] —{ 1T+

details
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Figure 6: Stripping voltammetry taken at 5 mVs®
of ZnTe in 0.5M Na,SO,, pH 3: (A) 2 ECALE

Potential (V vs. AYAZCH)
Figure S: Stripping voltammetry taken at 5 mVs
of 4 ECALE cycles: (A) ZnTe in 0.5 M Na,SO,,
pH 3; B) ZnSe 0.5 M NaClO,, pH 3; C) ZnS in 0.5 cycles; (B) 8 ECALE cycles; (C) 16 ECALE cycles.

M NaClO,, pH 3.




three more rinses in the S blank at -1.0 V to remove any excess S species. The electrode was then removed, rinsed,
and placed into the Zn blank solution at -0.9 V where three rinses were performed, conditioning the TLE for the
more acidic environment. This was followed by two open circuit rinses of the Zn solution with the second aliquot
of Zn held at -0.9 V to deposit a UPD layer. Three more rinses with the Zn blank were performed to remove any
remaining Zn?* ions.

Figure 5 consists of stripping curves for deposits resulting from four ECALE cycles of ZnTe (A), ZnSe
(B), and ZnS (C). Several trends are evident. First, a trend similar to that seen during deposition of the initial Zn
atomic layer (Figure 3) is observed: the Zn was easier to strip from the ZnTe then from ZnSe then from ZnS.
From Figure 5, it also appears that there are generally two Zn stripping features in each scan. This is seen most
demonstratively for ZnTe in Figure 5A, where the low potential peak, -0.7 V, grows in first but does not
significantly increase in size after the second cycle (Figure 6). Instead the higher potential feature, -0.3 V, starts
to grow. As the number of cycles is increased further, this second peak grows and shifts to still higher potentials.
A simple explanation would be that the first peak represents the top layer of Zn atoms, those not completely
coordinated to Te, while the second peak represents Zn from the interior of the compound.

In the next series of graphs, the number of monolayers of the elements deposited per cycle has been
plotted as a function of the potential used to deposit one of the elements. The coverages should not be taken too
literally at this stage. Theoretically, a coverage of 0.5 ML of each element per cycle should be optimal, as it takes
0.5 ML of each element to form 1 ML of the compound. However, the coverage measurements are made with a
number of assumptions including the number of Au surface atoms and the background correction used in the
coulometry.

Determination of the potentials needed to deposit atomic layers of Te and Se was straight forward. As
mentioned above, they are formed by first depositing a few monolayers of the element and then reducing the
surface at fairly negative potentials to remove the excess. The potentials at which Te and Se reduce are below -1.0
V for Te, and below -0.5 V for Se. Reduction of the last atomic layer of the chalcogenide was very difficult to
achieve, as hydrogen evolution polarized the electrode potential, and obscured the reduction process before the
atomic layers could be removed. Thus, any potential below -1.0 V for Te, or below -0.5 V for Se, should work for
forming atomic layers.

The choice of conditions for formation of S atomic layers from sulfide solutions was less clear cut. Figure
7 is a graph of the monolayer/cycle for deposits formed after 3 cycles, as a function of the S deposition potential.
The Zn deposition potential was -0.9 V for these studies. The resulting graphs of S and Zn coverage do not
coincide well. Possible explanations include a problem in quantifying the voltammograms. In Figure S, the Zn
stripping feature overlaps significantly with the S oxidation feature after only four cycles. Regardless of the
discrepancy between the Zn and S coverages, the trends appear valid.

ALE behavior is frequently indicated by an “S” curve. That is, for a given variable, at one extreme the
coverage 1s too high, while at the

other the coverage is too low. In 1.2
between, there 1s a plateau,
where deposition is controlled by 1

surface limited reactions alone,
and onc monolayer of the
compound is formed per cycle
[20-22}. In Figure 7, at the most
ncgative S deposition potentials,
below -1.1 V. insufficient S is
deposited each cycle, and since
Zn requires the presence of S,
both coverages drop. At

Monolayer/cycle
o o
(o)} w

o
I

potentials above -0.9 V, both 0.2
coverages increase, as bulk S 0
begins to be incorporated into y ; ! ! y ' - +
; g -2 41 -1 09 -08 07 -06 -05 -04
the deposits. That increase, Potential (V)

however, starts to drop off at

potentials above -0.7 V, as Zn no  Figure 7: Graph of the coverages of Zn (0) and S (A) per ECALE cycle as

longer remains on the surface a function of the potential used for S deposition.
during the S deposition step. The

conclusion drawn from this study is that S should be deposited at potentials between -1.1 Vand -0.9 V, where
there is a small plateau, indicating probable surface limited control over the deposition.




From Figure 7, it was decided to proceed using -1.0 V for the deposition of S atomic layers. Figure 8 is
then a graph of the coverages of Zn and S as a function of the Zn deposition potential, holding S deposition at -1.0
V. The dependence on the Zn potential is not dramatic, with only small changes in coverage/cycle as the potential
is varied from -1.0 Vto 0.5 V. As mentioned, -0.9 V was used as the Zn deposition potential in the studies shown
in Figure 7. The difference in coverage between Zn and S are significant at -0.9 V and above in Figure 8, as they
were in Figure 7. At -1.2 V, the Zn coverage is increasing, as bulk Zn deposition becomes important. At
potentials more positive than -0.5 V, not enough Zn is being deposited and the coverages of both elements drop.
The underpotential for Zn deposition appears to be negative of -0.5 V. A Zn deposition potential of -1.0 V appears
optimal, as the coverages coincide well and are very close to the ideal 0.5 ML per cycle for each element. For this
compound a cycle where both elements are deposited at -1.0 V looks to be the best starting point for further studies

of ZnS deposition by ECALE.

Figure 9 is a similar
graph of caverage/cycle, for the
deposition of ZnSe as a function
of the Zn deposition potential.
Selenium deposition was carried
out by first depositing several
monolayers at -0.9 V, and then
reducing off any excess at -0.9
V. The drop in the coverages
above -0.8 V is due to decreasing
Zn stability. A plateau in both
the Zn and Se coverages is
evident between -1.2 V and -0.9
V; however, it corresponds to Zn
coverage/cycle of nearly 0.75
ML, while the Se coverage
remains at 0.5 ML. Given the
data in Figure 9, however, the
optimal Zn potential appears to
be between -0.9 Vand -0.7 V,
with -0.8 V looking best.

Figure 10 is the
corresponding graph of
coverage/cycle as a function of
the Zn deposition potential in the
formation of ZnTe. The Te was
deposited by first forming a
couple of monolayers at -0.8 V,
and then reductively stripping
the excess at -1.1 V. Under the
conditions chosen, the Te
coverage/cycle looks low at all
potentials, about 0.33 ML per
cycle. This is not the expected
behavior, and indicates that the
dependence of Te coverage on its
deposition conditions needs
more study. There is a plateau
between -1.1 Vand -1.0 V,
similar to that seen in Figure 9

1

Monolayer/cycle
o o o
H » @

o
N

Il

0 t t t + + + t 4 +
12 141 -1 -09 -08 -07 -06 -05 -04
Potential (V)

Figure 8: Graph of the coverages of Zn (0) and S (A) per ECALE cycle as a
function of the potential used for Zn deposition.

1.0

o o o
PN [0)] [o¢]

Monolayer/cycle

o
[N}

00 + + } + + + + }
-13 12 11 -1 09 -08 -07 -06 -05
Potential (V)

It }
T

Figure 9: Graph of the coverages of Zn (0) and Se (A) per ECALE cycle as
a function of the potential used for Zn deposition.

for ZnSe formation, where the Zn coverage is significantly higher than the corresponding chalcongenide, again. It
is not clear what is causing this, besides maybe alloy formation between the Zn and Au [28-30]. Between -0.95 V
and -0.8 V the coverages/cycle for Zn and Te coincide and correspond to about 0.33 ML/cycle. Positive of -0.8 V,
the coverage of Zn falls off quickly, as expected. Given the data presented in Figure 10, a Zn deposition potential
of -0.95 V would probably be optimal.




| Finally, given the starting

14
conditions determined from. -
12 Figures 7-10, studies were
performed investigating the
% 10 {. dependence of the coverage on the
= nqmber of cycles .performed
$08 (Flgme 11). A linear dependence
o is expected for an ALE process,
806 and is evidenced in each of the
[} i . . .
5 graphs in Figure 11, given the
=204 error inherent in the
measurements. The slopes in the
02 case of ZnSe and ZnS formation
are very close to the expected 0.5
0.0 . } + t + t ¢ + } ML per cycle. The slopé is a little
-1.2 -1.05 -0.975 -0.95 -0.8 low in the case of ZnTe, in line
Potential (V) with the need to better optimize

. . . the Te deposition. In all three
Figure 10: Graph of the coverages of Zn () and Te (A) per ECALE cycle as graphs, there is a drop off in the

a function of the potential used for Zn deposition. coverages, at the highest number of

cycles. This may be a quantitation problem as the stripping peaks for the two elements start to overlap. In the
present studies, clear problems were encountered after 16 cycles of ZnTe, 10 cycles of ZnSe, and only 4 cycles of
ZnS, due to broadening of the Zn stripping peaks at higher potentials, as the coverage increases. They eventually
run into the chalcogenide stripping features (e.g. Figure 5C), making it difficult to independently determine the
coverages of the two elements. It may also be a problem with operator error, as each cycle involves 24 or more
steps; therefor, as the number of cycles increase, there are more chances for mistakes, suggesting that the next step
should be to use an automated system [24,25].

Conclusion .
Thin layer electrochemical cells have been used to study the conditions needed to deposit Zn

chalcogenides by electrochemical ALE. It is fortuitous that the stripping voltammetry of deposited layers can be
used to determine the coverages of both elements in the compound; however, it is limited to the first few cycles
where the stripping features do not overlap. The studies presented here demonstrate behavior consistent with an
ALE process. That is, deposit coverages increase linearly with the number of cycles, 0.5 ML deposits of each
element are formed each cycle, and the characteristic “S” curve dependence of deposit coverages with various cycle
variables are observed.

There are obvious discrepancies in the data presented. The sources are not all clear, however they do
provide a good starting point for further studies. An automated deposition system has been constructed and will be
used in subsequent studies. It will provide more reproducible results, and allow the formation of thicker deposits
which can be studied using techniques such as electron probe microanalysis (EPMA) and X-ray diffraction (XRD).
This will provide a better environment for optimization of deposition parameters.
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